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(57) ABSTRACT

An Integrated Circuit (IC) as described herein may include
a first logic circuit, a second logic circuit coupled to the first
logic circuit via a level shifter, and a safe state circuit
coupled to the first logic circuit and to a first input of a logic
gate. For example, a second input of the logic gate may be
coupled to an output of the level shifter, and an output of the
logic gate may be coupled to the second logic circuit. The
safe state circuit may further include a front-end portion; a
reversible current mirror portion coupled to the front-end
portion; and a voltage-level translation portion coupled to
the reversible current mirror portion.
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LOW-CURRENT CIRCUITS FOR SUPPLY
VOLTAGE LEVEL DETECTION

FIELD

This disclosure relates generally to integrated circuits, and

more specifically, to low-current circuits for supply voltage
level detection.

BACKGROUND

Within a modern Integrated Circuit (IC) such as a System-
on-Chip (SoC), there may be a number of different logic
domains. For example, 1n some architectures, a core circuit
(e.g., a Central Processing Unit or CPU) may be located 1n
a first logic domain (e.g., ~1.1 V) and other circuitry, such
as an Input/Output (I/O) interface circuit, may be located 1n
a second logic domain(s) (e.g., ~1.8 V, 33 V, or 5 V). To
facilitate the commumnication of electrical signals between
these different domains, level shifters may be used.

As the mventor hereof has recognized, however, level
shifters do not work properly 11 power 1s not fully present 1n
the logic domain that oniginates the signal to be communi-
cated. To address these, and other problems, the inventor
hereot has developed safe state circuits configured to per-

form logic domain power-on detection, and to gate a level
shifter’s output while power 1s not being properly supplied
to a logic domain.

BRIEF DESCRIPTION OF THE DRAWINGS

The present nvention(s) 1s/are 1illustrated by way of
example and 1s/are not limited by the accompanying figures,
in which like references indicate similar elements. Elements
in the figures are illustrated for simplicity and clarnty and
have not necessarily been drawn to scale.

FIG. 1 1s a block diagram of an Integrated Circuit (IC)
with different logic domains according to some embodi-
ments.

FIG. 2 1s a schematic diagram of an example of a
low-current circuit for supply voltage level detection circuit
according to some embodiments.

FIG. 3 1s a graph illustrating an example of a Direct
Current (DC) transfer current for the circuit of FIG. 2
according to some embodiments.

FIG. 4 1s a graph illustrating an example of electrical
currents 1n the circuit of FIG. 2 according to some embodi-
ments.

FIG. 5 1s a graph illustrating an example of transient
simulation 1n the circuit of FIG. 2 according to some
embodiments.

FIG. 6 1s a graph illustrating an example of rising and
talling thresholds 1n the circuit of FIG. 2 according to some
embodiments.

FIG. 7 1s a schematic diagram of an example of a
low-current circuit for supply voltage level detection circuit
according to some embodiments.

FIG. 8 1s a graph illustrating an example of a Direct
Current (DC) transfer curve for the circuit of FIG. 7 accord-
ing to some embodiments.

FIG. 9 1s a graph illustrating an example of electrical
currents 1n the circuit of FIG. 7 according to some embodi-
ments.

FIG. 10 1s a graph illustrating an example of transient
simulation 1n the circuit of FIG. 7 according to some
embodiments.
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FIG. 11 1s a graph 1illustrating an example of rising and
talling thresholds 1n the circuit of FIG. 7 according to some
embodiments.

DETAILED DESCRIPTION

Systems and methods for low-current circuits for supply
voltage level detection are disclosed. Techniques discussed
herein may be particularly applicable 1n the design, manu-
facture, and operation of Integrated Circuits (ICs) that
include distinct logic, power, or voltage domains.

In various implementations, a safe state circuit may be
used as a logic domain power-on detector. The output of the
power-on detector may then be used to a gate level shifter’s
output when a power domain 1s not properly supplied. Such
a safe state circuit may simplily inter-domain logic commus-
nication validation, and 1t may make 1t easier to develop ICs,
such as Systems-On-Chip (SOCs) or the like, that do not
require power sequencing. Moreover, a safe state circuit, as
described herein, may have very low power consumption

(almost zero), and may be very compact 1n silicon area.
FIG. 1 1s a block diagram of an Integrated Circuit (IC) 100

with different logic domains according to some embodi-
ments. Particularly, IC 101 includes first logic domain 101
and second logic domain 102. In this example, first logic
domain 101 (e.g., 1.1 V) may include a Central Processing
Unit (CPU), Graphic Processing Unit (GPU), or the like; and
it may command all other blocks located in other power
domains (e.g., second logic domain 102) to perform their
respective operations.

Level shifters 103 and 104 may be used to translate a logic
signal of first logic domain 101 to second logic domain 102.
When first logic domain 101 and second logic domain 102
have mtercommunications, they need to accept the signals

from other logic only when the power supply to that logic 1s

high enough to make level shifters 103 and 104 work
properly.

In FIG. 1, logic gates 105 and 106 may be used to control
the logic propagation from first logic domain 101 into
second logic domain 102. In case a signal from first logic
domain 101 1s not being supplied, a “gate control” signal
may be used to set the output logic from first logic domain
101 to a default value (first logic domain 101°s reset values).

In various embodiments, safe state circuit 107 may be
used to monitor and validate the voltage or power supply of
first logic domain 101, and to generate gate control signals.
The safe state circuits described here have very low current
consumption and may have a threshold with low variation.

In the first illustrative, non-limiting embodiment shown 1n
FIG. 2, circuit 200 provides an implementation of safe state
circuit 107 that 1s generally applicable to thresholds of 0.8
V and above, therefore particularly suitable for monitoring,
and validating the voltage or power supply of peripheral
logic domains. In the second illustrative, non-limiting
embodiment shown 1n FIG. 7, circuit 700 provides another
implementation of safe state circuit 2017 that 1s generally
applicable to thresholds of around 0.3 V, making 1t particu-
larly suitable for monitoring and validating the voltage or
power supply of core logic domains.

FIG. 2 1s a schematic diagram of an example of a
low-current circuit for supply voltage level detection circuit
according to some embodiments. As shown, circuit 200
includes the following pins: ground pin (“vss_bulk™); supply
pin (“vdd3v”), which in this implementation 1s the same
supply of second logic domain 202; and imput pin
(“vdd_1p8”), which 1s connected to the supply of the logic
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domain having its output signals monitored and validated
(that 1s, first logic domain 101, 1n the example of FIG. 1).

In various embodiments, either of the two complementary
output pins “vhigh” or “vhighb™ of circuit 200 may be
coupled to the inputs of logic gates 105 and 106, to force the
outputs of logic gates 105 and 106 to a desired value, while
the voltage at mput pin vdd_1p8 has not yet reached a
selected threshold suflicient for the proper operation of first
logic domain 101.

Moreover, components of circuit 200 may be split mnto
front-end portion 220, reversible current mirror portion 221
(coupled to front-end portion 220), and voltage-level trans-
lation portion 222 (coupled to reversible current mirror
portion 221). Generally, front-end portion 220 may be
configured to monitor the supply voltage of logic domain
101. Reversible current mirror portion 221 may be config-
ured to keep electrical currents flowing in each of its
branches approximately equal to each other, and also equal
to the minimum current that would be pulled by either
branch. And voltage-level translation portion 222 may oper-
ate as a low-voltage level shifter suitable for use with
subthreshold logic.

In front-end portion 220, first n-type transistor 217 (e.g.,
an n-type metal-oxide semiconductor or NMOS transistor)
has a source terminal coupled to ground (vss_bulk). First
natural threshold transistor 216 has a source terminal
coupled to a drain terminal of first n-type transistor 217, and
a gate terminal coupled to a gate terminal of first n-type
transistor 217. Second natural threshold transistor 215 has a
gate terminal coupled to the gate terminal of first n-type
transistor 217, and a source terminal coupled to vdd_1p8—
the supply voltage of the first logic circuit or domain 101.
Second n-type transistor 210 has a source terminal coupled
to a drain terminal of first natural threshold transistor 216
and a gate terminal coupled to the first supply voltage
vdd_1p8.

It should be noted that a natural threshold (or “zero V.,
transistor may be used here because, close to 0 V of
gate-to-source voltage bias, such a transistor has some
current (much larger than other devices’ currents). The
threshold voltages of these transistors are often negative or
very close to 0 V. Moreover, a zero V ., transistor may be
turned ofl when the voltage 1n 1ts source 1s higher than its
gate. The behavior of a natural threshold transistor becomes
comparable to that of a standard transistor when its source
voltage 1s equal to 0.6 V.

In reversible current mirror portion 221, first p-type
transistor 207 has a dramn terminal coupled to a drain
terminal of second n-type transistor 210. Second p-type
transistor 202 has a drain terminal coupled to a source
terminal of second p-type ftransistor 202 and a source
terminal coupled to a second supply voltage vdd3v of the
second logic circuit 102. Third p-type transistor 206 has a
drain terminal coupled to a drain terminal of second natural
threshold transistor 215 and a gate terminal coupled to a gate
terminal of second p-type transistor 202. Fourth p-type
transistor 201 has a source terminal coupled to the second
supply voltage vdd3v and a gate terminal coupled to a gate
terminal of first p-type transistor 207. The gate terminal of
first p-type transistor 207 1s coupled to the drain terminal of
first p-type transistor 207, and the gate terminal of third
p-type transistor 206 1s coupled to the drain terminal of third
p-type transistor 206.

Third n-type transistor 208 has a drain terminal coupled to
the source terminal of first p-type transistor 207 and a source
terminal coupled to the drain terminal of first p-type tran-
sistor 207. And fourth n-type transistor 205 has a drain
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terminal coupled to the source terminal of third p-type
transistor 206 and a source terminal coupled to a drain
terminal of third p-type transistor 206.

Capacitor 209 (implemented as an n-type transistor in this
example) 1s coupled between the source terminal of fourth
n-type transistor 205 and the gate terminal of second n-type
transistor 210. Fifth p-type transistor 203 has a source
terminal coupled to the second supply voltage vdd3v, a gate
terminal coupled to a gate terminal of third n-type transistor
208 and to the source terminal of fourth p-type transistor
206. Sixth p-type transistor 204 has a source terminal
coupled to the second supply voltage vdd3v, a gate terminal
coupled to the drain terminal of second p-type transistor 202
and to a gate terminal of fourth n-type transistor 203.

In voltage-level translation portion 222, fifth n-type tran-
sistor 212 has a drain terminal coupled to a drain terminal of
fifth p-type transistor 203. Sixth n-type transistor 218 has a
drain terminal coupled to a source terminal of fifth n-type
transistor 212 and a source terminal coupled to vss_bulk.
Seventh n-type transistor 213 has a drain terminal coupled to
a drain terminal of sixth p-type transistor 204 and a gate
terminal coupled to a gate terminal of sixth n-type transistor
218. Eighth n-type transistor 219 has a drain terminal
coupled to a source terminal of seventh n-type transistor 213
and a source terminal coupled to vss_bulk. The drain ter-
minal of fifth n-type transistor 212 1s coupled to the gate
terminal of fifth n-type transistor 212, and the drain terminal
of seventh n-type transistor 213 1s coupled to the gate
terminal of seventh n-type transistor 213.

Seventh p-type transistor 214 has a source terminal
coupled to the drain terminal of seventh n-type transistor
213, a drain terminal coupled to the source terminal of
seventh n-type transistor 213, and a gate terminal coupled to
a source terminal of the fifth n-type transistor 212. Eighth
p-type transistor 211 has a source terminal coupled to a drain
terminal of fifth n-type transistor 212, a drain terminal
coupled to a source terminal of fifth n-type transistor 212,
and a gate terminal coupled to a source terminal of seventh
n-type transistor 213.

In contrast with n-type transistors shown 1n FIG. 2, which
have their body voltages tied to vss_bulk, all p-type tran-
sistors may have body or bias voltages tied to vdd3v. A gate
control signal may be provided at the drain or at the gate
terminals of seventh p-type transistor 214.

In circuit 200, the reversible current mirror limits the
current on one input to a value around the other input, and
this way 1t acts a circuit that equalizes the two input currents
to the minimum one. Particularly, consider mm Vi=V
(vdd_1p8), and let us calculate the maximum saturation
current for second natural threshold transistor 215 (MN5)
and second n-type transistor 210 (MN1). These calculated
currents will flow 1n the transistors during state switch. In an
out-of-switching state, the reversible current mirror portion
of circuit 200 sets the current to the minimum of both
currents.

The drain current of first and second n-type transistors

217 (MN10) and 210 (MN1) may be calculated for satura-
tion of weak inversion region using the equations below:

Vas10—VTs Vs—VT1s$
Wio Wio
_ S Vi
Ipunio = lsyr——e IS = gy e 1SV
Lm Lli)
w, Yasi—Vrs w, YiZVs—Vrg
_ v vt
Ippvi = Isyr—e ISV = [gyr—e TSV
Ll Ll
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Where: W,, and W, are the transistor eflective channel
width (m); L, and L, are the transistor’s eflective channel
length (m); M. 1s the n-type transistor weak mnversion silicon

slope; 1415 the extrapolation of weak inversion current at
threshold voltage (A); V. 1s the threshold voltage of the
n-type transistor (V); and vt=k'l/q, with T being the tem-
perature 1 degrees Kelvin, k being Boltzmann’s constant,
and g the charge of electron.

Equation of second n-type transistor 210 (MN1) above
may be rewritten to calculate V., as:

VG’SI = g - VI~ In + VTS

Since first natural threshold transistor 216 (MNO0) 1s 1n
strong 1nversion, the voltage drop across drain to source
terminals 1s negligible and then Vi=V -, +V s¢, 4. With this,
it 1s possible to obtain the equation of 1,,,., as function of
V1 1mput voltage (considering also that 1,5, =11 )

Ippnt = fsv*r\/ LW

The drain current of second natural threshold transistor
215 (MNS5) may be calculated for saturation of weak inver-
s10n region using the equation below:

Vass =V
i N -vi

Wi
Ipmys = Invr—¢€

Ls

where: Vi < 0

Where: W: 1s the transistor effective channel width (m).
L. 1s the transistor effective channel length (m). m,,, 1s the
natural transistor weak inversion silicon slope. I, 1s the
natural transistor extrapolation of weak inversion current at
threshold voltage(A). V ., 1s the threshold voltage of natural

transistor (V).

Here 1t 1s possible to substitute V .. by -V -, resulting:

IDMNI
—ng-Viin Wy VTS VIV
W Isyr I
Ipvns = fNVTEE? vt
_iis
/ Wl n
WS SV Ll _VTS +V
Ipyys = Invvr— - e iVt
Ls Ipmwi

During threshold IDMNS=IDMNI1 and therefore:

7
1+135 W W _YIstVin
I ??H f S [I ]. :|??H P :I'?”"l-’f
punt = Ivvr— | Isyr—1| -
L L
1448 W We S —Vrs+Vow

d . L |'in v
Ipynt = Ipyns = | Iyyr— - |Isyr—| e

\J Ls L

And ns/nn~=1 we have:
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WsL,
LsW,

Ipynv1 = Ipuns = \/ Iyt - Lsyr

Solving the equation below for Vi:

W, L
L0 g

= fsvr\/
Ly -Wig

WsL, “YIs—VIN
Iyyr - Isyr e v
LsW,

V1 threshold 1s given by:

- Vow + Vg

| Invyr - Ws - L _
Vix2-ne-vt-In
! \/ISVT'LS'Wm

The Vi threshold has the first term that has a positive
thermal coellicient (because of vt) while the second term has
a negative coeflicient (-V +V o). Moreover, the threshold
may be made temperature independent (zero TC).

It Vi<Vs then 1., Therefore, the reversible
current mirror limits or controls the current through second
natural threshold transistor 215 (MNS5), such that, given that
Va 1s the voltage at the node between transistors 207 and
210, Vb 1s the voltage at the node between transistors 206
and 215, Vc 1s the voltage at the node between transistors

202 and 207, and Vd 1s the voltage at the node between
transistors 201 and 206:

Vo=Vd=Vi; Va~vdd3v-V scaspq; and Ve=vdd3v;

Conversely, 11 Vi>>Vs then 1,5, <<I5a .m0, then:

Va=Ve=Vs; Vb=vdd3v-V cispss VAd=vdd3v,
Vinrer=0V; and define Ma,b,c,d), Vi, MP4,
MP5.

The first natural threshold transistor 216 (MNO) has the
role of limit maximum current consumption for some worst-
case variations, and may be removed from circuit without
functional impact. In an alternative design, a modification
may be implemented by connecting gate terminal of second
n-type transistor 210 (MN1) to the drain of second threshold
transistor 215 (MN5).

FIG. 3 1s a graph illustrating an example of a Direct
Current (DC) transfer current for safe state circuit 200
according to some embodiments. Graph 300 includes rising
threshold curve 302 and falling threshold curve 301, with a
hysteresis eflect between them. The hysteresis 1s caused by
the fact that during rising DC sweep, the node at the source
of third p-type transistor 206 has a smooth switch, and
during the falling sweep this node has an abrupt switching.

FIG. 4 shows graph 400 1illustrating an example of elec-
trical currents i1n safe state circuit 200 according to some
embodiments. Circuit 200 has a low current consumption for
all input voltage ranges. During input DC sweep, the supply
current curve 401 (vdd_3p3) and the input current curve 402
(vdd_1p8) show that, for mput voltages above threshold
(>0.8 V) and below 0.3 V, all currents are only a few
pico-Amperes; and the maximum DC current close to the
threshold 1s on the range of just few nano-Amperes.

FIG. 5§ 1s a graph illustrating an example of transient
simulation 1n safe state circuit 200 according to some
embodiments. Specifically, curve 501 shows the voltage at
the vdd_3v pin, curve 502 shows the voltage at the vhigh
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pin, and curve 503 shows the voltage at the vdd_1p8 pin. As
may be seen from graph 500, DC currents are very low and
timing delays can be significant. Because the eflective rising,
threshold 1s 1increased, delays are not important in that case
(since safe state would signal safe flag with higher voltage).
For a falling threshold however, the delay must be kept
small, because providing an out-of-safe flag while voltage 1s
falling 1s important to maintain integrity.

FIG. 6 1s a graph illustrating an example of rising and
talling thresholds by ramp duration 1n safe state circuit 200
according to some embodiments. In order to minimize the
delays, especially during fast ramp rates, a capacitive ele-
ment 209 has been added. For higher ramp rates, the
ellective rising threshold (vtr_up) curve 601 increases. The
cllective falling threshold (vtr_down) curve 602 raises
instead of falling due to the inserted capacitance element
209, hence yielding a fast response for fast falling ramps.
The fast response for fast falling ramp 1s a desirable behavior
because the out of safe condition 1s correctly flagged.

FIG. 7 1s a schematic diagram of an example of a
low-current circuit for supply voltage level detection circuit
according to some embodiments. As with circuit 200 of FIG.
2, here circuit 700 also has ground pin “vss_bulk;” supply
pin “vdd3v,” input pin “vdd_1p8,” and two complementary
output pins “vhigh” and “vhighb.” Components of circuit
700 also include front-end portion 720, reversible current
mirror portion 721 (coupled to front-end portion 720), and
voltage-level translation portion 722 (coupled to reversible
current mirror portion 721).

In front-end portion 721, first n-type transistor 715 has a
source terminal coupled to vss_bulk and natural threshold
transistor 710 has a source terminal coupled to first supply
voltage and 1nput pin vdd_1p8.

Reversible current mirror portion 721 includes first p-type
transistor 707 having a drain terminal coupled to a drain
terminal of natural threshold transistor 710. Second p-type
transistor 702 has a drain terminal coupled to a source

terminal of first p-type transistor 707 and a source terminal
coupled to second supply voltage vdd3v. Third p-type tran-

sistor 706 has a drain terminal coupled to a drain terminal of

first n-type transistor 715. Fourth p-type transistor 701 has
a source terminal coupled to the second supply voltage
vdd3v and a gate terminal coupled to a gate terminal of first
p-type transistor 707. The gate terminal of first p-type
transistor 707 1s coupled to the drain terminal of first p-type
transistor 707, and the gate terminal of third p-type transistor
706 15 coupled to the drain terminal of third p-type transistor
706.

Second n-type transistor 708 has a drain terminal coupled
to the source terminal of first p-type transistor 707 and a
source terminal coupled to the drain terminal of first p-type
transistor 707. Third n-type transistor 705 has a drain
terminal coupled to the source terminal of third p-type
transistor 706 and a source terminal coupled to a drain
terminal of third p-type transistor 706.

Capacitive element 709 (here implemented as an n-type
transistor) 1s coupled between the drain terminal of first
p-type transistor 707 and the gate terminal of first n-type
transistor 715. Fifth p-type transistor 704 has a source
terminal coupled to second supply voltage vdd3v, a gate
terminal coupled to a gate terminal of second n-type tran-
sistor 708 and to the drain terminal of fourth p-type tran-
sistor 701. Sixth p-type transistor 703 has a source terminal
coupled to second supply voltage vdd3v, a gate terminal
coupled to the drain terminal of second p-type transistor 702
and to a gate terminal of third n-type transistor 705.
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Voltage-level translation portion 722 includes fourth
n-type transistor 713 having a drain terminal coupled to a
drain terminal of fifth p-type transistor 703. Fifth n-type
transistor 716 has a drain terminal coupled to a source
terminal of fourth n-type transistor 713 and a source termi-
nal coupled to vss_bulk. Sixth n-type transistor 714 has a
drain terminal coupled to a drain terminal of sixth p-type
transistor 704 and a gate terminal coupled to a gate terminal
of fifth n-type transistor 716. Seventh n-type transistor 717
has a drain terminal coupled to a source terminal of sixth
n-type transistor 714 and a source terminal coupled to
vss_bulk. The drain terminal of fourth n-type transistor 713
1s coupled to the gate terminal of fourth n-type transistor
713, and the drain terminal of sixth n-type transistor 714 1s
coupled to the gate terminal of sixth n-type transistor 714.

Seventh p-type transistor 712 has a source terminal
coupled to the drain terminal of sixth n-type transistor 714,
a drain terminal coupled to the source terminal of sixth
n-type transistor 714, and a gate terminal coupled to a source
terminal of fourth n-type transistor 713. Eighth p-type
transistor 711 has a source terminal coupled to a drain
terminal ol fourth n-type transistor 713, a drain terminal
coupled to a source terminal of fourth n-type transistor 713,
and a gate terminal coupled to a source terminal of sixth
n-type transistor 714.

In contrast with n-type transistors shown i FI1G. 7, which
have their body voltages tied to vss_bulk, all p-type tran-
sistors may have body or bias voltages tied to vdd3v. A gate
control signal may be provided at the drain terminal of fifth
p-type transistor 703 or the drain terminal of sixth p-type
transistor 704.

As shown, front-end of safe state circuit 700 has a
reversible mirror connected to nodes at the drain of first
p-type transistor 707 and third p-type transistor 706. The
input voltage that equalizes the electrical currents at these
two nodes sets the threshold voltage.

Particularly, with 0.0 V 1n vdd_1p8 pin, natural threshold
transistor 710 1s turned-on with a substantial current and first
n-type transistor 715 1s turned-off. As the voltage at the
vdd_ 1p8 pin rises, the current through natural transistor 710
decreases (gate-to-source voltage of transistor 710
decreases) and the current through first n-type transistor 715
increases (gate-to-source voltage of transistor 710
increases). Hence, there 1s a voltage when these two currents
are equal, and this 1s the threshold voltage.

Consider that first n-type transistor 715 (MN1) and natu-
ral threshold transistor 710 (MNO0) are in subthreshold
region when the vhigh signal switches. First n-type transis-
tor 715 1s a standard transistor, and its equation 1s:

W, YGs7Vrs

_ Vi _ v
Ipmny = lsyr—e 1877 =Igyp—e TsY
L Ly

Meanwhile, natural threshold transistor 710 1s a natural
transistor, and its equation 1s:

W, ‘-"’GS—:‘;TN
— ¥ —
Ippnvo = Iyyr—e N = Iyyr—e IN

Lo

During the switching, first n-type transistor 715 and
natural threshold transistor 710 have the same calculated
current:

a1t Vi) =i View)



US 10,254,317 Bl

W Visw™ Vs Wo Visw VTN
Isyr—e ISV =Iyr—e NV
Ly Ly
Wo
Visw=V ViswtV T
e[ :;.-S-VrTS ;«;N-VIN‘ _Iwr Lo
Isvr W1
L
Wy
Visw — V75 . Visw + Vv I Invvr Ly
ns - Vi ny - Vi Isyr Wi
Ly
Wy -
NN View =N Vrs + 5 Vige + 15 -V i Ivvr Lo
Ny s - VI Isvr W1
L
Wy ]
Iwr Lo
(v +0s5) Vigo =iy - Vrs + s - Vey =y -0 - Vi-In
Isyr W1
L
Wo T
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Accordingly:
( Wo - ) (Equation 2)
INVTE
Ny s Vi-In W, +n1n - Vrs —ns - Viw
Isyr —
Vi = \ L /
= (v + 71s)

It should be noted that the term

Wy ]
Invt Ly
Isyr Wi

Ly |

My -Ms - Vi-In

has a positive temperature coeflicient. Conversely, the term
(MrVr—M< V) has a negative temperature coetlicient.
And the term (n,+M<) have almost no variation with tem-
perature. As such, the sum of these two terms may be
configured to produce a switching threshold (V. _ ) with low

L5

temperature variation. Also, because the other terms do not
have much variation with manufacturing process, the final
threshold voltage has a small total vanation.

FIG. 8 shows graph 800 1llustrating an example of a DC
transier current for safe state circuit 700 according to some

embodiments. Here, DC ftransfer curve 801 from the
vdd_1p8 pin to the output node (vhigh pin) shows that,
unlike circuit 200 of FIG. 2, this low voltage safe state does
not have hysteresis in its transfer function.

Also, safe state circuit 700 has a low current consumption
for the entire mput voltage range. FIG. 9 shows graph 900
illustrating an example of electrical currents 1n safe state
circuit 700 according to some embodiments. During 1nput
DC sweep, supply current curve 901 (vdd_3v) and input
current curve 902 (vdd_1p8) require a maximum DC cur-
rent, close to threshold, of just few nano-Amperes.

FIG. 10 shows graph 1000 illustrating an example of
transient simulation in safe state circuit 700 according to
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10

some embodiments. Curve 1001 shows the voltage at the
vdd_3v pin, curve 1002 shows the voltage at the vhugh pin,
and curve 1003 shows the voltage at the vdd_1p8 pin. Again,
as may be seen from graph 1000, since DC currents are very
low, timing delays can be significant. For the falling thresh-
old, in order to minimize the delays, especially during fast
ramp rates, capacitive element 709 1s added.

FIG. 11 shows graph 1100 illustrating an example of
rising and falling thresholds 1n safe state circuit 700 accord-
ing to some embodiments. For higher ramp rates (low ramp
durations), the etlective rising threshold (vtr_up) curve 1101
increases. The eflective falling threshold (vir_down) curve
1102 raises instead of falling due to the inserted capacitive
clement 709, hence yielding a fast response for fast falling
ramps.

Although the invention(s) is/are described herein with
reference to specific embodiments, various modifications
and changes can be made without departing from the scope
of the present mnvention(s), as set forth 1n the claims below.
Accordingly, the specification and figures are to be regarded
in an 1llustrative rather than a restrictive sense, and all such
modifications are intended to be included within the scope of
the present invention(s). Any benefits, advantages, or solu-
tions to problems that are described herein with regard to
specific embodiments are not mtended to be construed as a
critical, required, or essential feature or element of any or all
the claims.

Unless stated otherwise, terms such as “first” and “sec-
ond” are used to arbitrarily distinguish between the elements
such terms describe. Thus, these terms are not necessarily
intended to 1ndicate temporal or other prioritization of such
clements. The terms “coupled” or “operably coupled” are
defined as connected, although not necessarily directly, and
not necessarily mechanically. The terms “a” and “an™ are
defined as one or more unless stated otherwise. The terms
“comprise” (and any form of comprise, such as “comprises”
and “comprising”), “have” (and any form of have, such as
“has” and “having™), “include” (and any form of include,
such as “includes” and “including”) and “contain” (and any
form of contain, such as “contains” and “containing”) are
open-ended linking verbs. As a result, a system, device, or
apparatus that “comprises,” “has,” “includes™ or “contains”
one or more elements possesses those one or more elements
but 1s not limited to possessing only those one or more
clements. Similarly, a method or process that “comprises,”
“has,” “includes” or “contains” one or more operations
possesses those one or more operations but 1s not limited to
possessing only those one or more operations.

The mvention claimed 1s:
1. An Integrated Circuit (IC), comprising:
a first logic circuit coupled to a second logic circuit via a
level shifter; and
a sale state circuit coupled to the first logic circuit and to
a first mput of a logic gate, wherein a second input of
the logic gate 1s coupled to an output of the level shifter,
and wherein an output of the logic gate 1s coupled to the
second logic circuit, the safe state circuit further com-
prising:
a front-end portion configured to monitor a supply
voltage of the first logic circuit; and
a voltage-level translation portion coupled to the front-
end portion via a reversible current mirror portion,
wherein the voltage-level translation portion 1s con-
figured to apply a logic value to the first input to the
logic gate that indicates validation of the supply
voltage.
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2. The IC of claim 1, wherein the front-end portion
COmMprises:

a first n-type transistor having a source terminal coupled
to ground;

a first natural threshold transistor having a source terminal
coupled to a drain terminal of the first n-type transistor,
and a gate terminal coupled to a gate terminal of the
first n-type transistor;

a second natural threshold transistor having a gate termi-
nal coupled to the gate terminal of the first n-type
transistor, and a source terminal coupled to a first
supply voltage of the first logic circuit; and

a second n-type transistor having a source terminal
coupled to a drain terminal of the first natural threshold
transistor and a gate terminal coupled to the first supply
voltage.

3. The IC of claim 2, wherein the reversible current mirror

portion comprises:

a first p-type transistor having a drain terminal coupled to
a drain terminal of the second n-type transistor;

a second p-type transistor having a drain terminal coupled
to a source terminal of the second p-type transistor and
a source terminal coupled to a second supply voltage of
the second logic circuit;

a third p-type transistor having a drain terminal coupled to
a drain terminal of the second natural threshold tran-
sistor and a gate terminal coupled to a gate terminal of
the second p-type transistor; and

a fourth p-type transistor having a source terminal
coupled to the second supply voltage and a gate ter-
minal coupled to a gate terminal of the first p-type
transistor, wherein the gate terminal of the first p-type
transistor 1s coupled to the drain terminal of the first
p-type transistor, and wherein the gate terminal of the
third p-type transistor 1s coupled to the drain terminal
of the third p-type transistor.

4. The IC of claim 3, further comprising:

a third n-type transistor having a drain terminal coupled to
the source terminal of the first p-type transistor and a
source terminal coupled to the drain terminal of the first
p-type transistor; and

a fourth n-type transistor having a drain terminal coupled
to the source terminal of the third p-type transistor and
a source terminal coupled to a drain terminal of the
third p-type transistor.

5. The IC of claim 4, further comprising:

a capacitor coupled between the source terminal of the
fourth n-type transistor and the gate terminal of the
second n-type transistor.

6. The IC of claim 3, further comprising:

a fifth p-type transistor having a source terminal coupled
to the second supply voltage, a gate terminal coupled to
a gate terminal of the third n-type transistor and to the
drain terminal of the fourth p-type transistor; and

a sixth p-type transistor having a source terminal coupled
to the second supply voltage, a gate terminal coupled to
the drain terminal of the second p-type transistor and to
a gate terminal of the fourth n-type transistor.

7. The IC of claim 6, wherein the voltage-level translation

portion further comprises:

a fifth n-type transistor having a drain terminal coupled to
a drain terminal of the fifth p-type transistor;

a sixth n-type transistor having a drain terminal coupled
to a source terminal of the fifth n-type transistor and a
source terminal coupled to ground;
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a seventh n-type transistor having a drain terminal
coupled to a drain terminal of the sixth p-type transistor
and a gate terminal coupled to a gate terminal of the
sixth n-type transistor; and

an eighth n-type transistor having a drain terminal
coupled to a source terminal of the seventh n-type
transistor and a source terminal coupled to ground,
wherein the drain terminal of the fifth n-type transistor
1s coupled to the gate terminal of the fifth n-type
transistor, and wherein the drain terminal of the seventh
n-type transistor 1s coupled to the gate terminal of the
seventh n-type transistor.

8. The IC of claim 7, further comprising:

a seventh p-type transistor having a source terminal
coupled to the drain terminal of the seventh n-type
transistor, a drain terminal coupled to the source ter-
minal of the seventh n-type transistor, and a gate
terminal coupled to a source terminal of the fifth n-type
transistor; and

an eighth p-type transistor having a source terminal
coupled to a drain terminal of the fifth n-type transistor,
a drain terminal coupled to a source terminal of the fifth
n-type transistor, and a gate termuinal coupled to a
source terminal of the seventh n-type transistor.

9. The IC of claim 8, further wherein the first input to the
logic gate 1s coupled to: the drain terminal of the seventh
p-type transistor.

10. The IC of claim 8, further wherein the first input to the
logic gate 1s coupled to the gate terminal of the seventh
p-type transistor.

11. The IC of claam 1, wherein the front-end portion
COmMprises:

a first n-type transistor having a source terminal coupled

to ground; and

a natural threshold transistor having a source terminal
coupled to a first supply voltage of the first logic circuait.

12. The IC of claim 11, wherein the reversible current
mirror portion comprises:

a first p-type transistor having a drain terminal coupled to

a drain terminal of the first natural threshold transistor;

a second p-type transistor having a drain terminal coupled
to a source terminal of the second p-type transistor and
a source terminal coupled to a second supply voltage of
the second logic circuit;

a third p-type transistor having a drain terminal coupled to
a drain terminal of the first n-type transistor; and

a fourth p-type transistor having a source terminal
coupled to the second supply voltage and a gate ter-
minal coupled to a gate terminal of the first p-type
transistor, wherein the gate terminal of the first p-type
transistor 1s coupled to the drain terminal of the first
p-type transistor, and wherein the gate terminal of the
third p-type transistor 1s coupled to the drain terminal
of the third p-type transistor.

13. The IC of claim 12, further comprising;

a second n-type transistor having a drain terminal coupled
to the source terminal of the first p-type transistor and
a source terminal coupled to the drain terminal of the
first p-type transistor; and

a third n-type transistor having a drain terminal coupled to
the source terminal of the third p-type transistor and a
source terminal coupled to a drain terminal of the third
p-type transistor.

14. The IC of claim 13, further comprising:

a capacitor coupled between the drain terminal of the first
p-type transistor and the gate terminal of the first n-type
transistor.
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15. The IC of claim 14, further comprising:

a fifth p-type transistor having a source terminal coupled
to the second supply voltage, a gate terminal coupled to
a gate terminal of the second n-type transistor and to the
drain terminal of the fourth p-type transistor; and

a sixth p-type transistor having a source terminal coupled
to the second supply voltage, a gate terminal coupled to
the drain terminal of the second p-type transistor and to
a gate terminal of the third n-type transistor.

16. The IC of claim 15, wherein the voltage-level trans-

lation portion further comprises:

a fourth n-type transistor having a drain terminal coupled
to a drain terminal of the fifth p-type transistor;

a fifth n-type transistor having a drain terminal coupled to
a source terminal of the fourth n-type transistor and a
source terminal coupled to ground;

a sixth n-type transistor having a drain terminal coupled
to a drain terminal of the sixth p-type transistor and a
gate terminal coupled to a gate terminal of the fifth
n-type transistor; and

a seventh n-type transistor having a drain terminal
coupled to a source terminal of the sixth n-type tran-
sistor and a source terminal coupled to ground, wherein
the drain terminal of the fourth n-type transistor i1s
coupled to the gate terminal of the fourth n-type
transistor, and wherein the drain terminal of the sixth
n-type transistor 1s coupled to the gate terminal of the
sixth n-type transistor.

17. The IC of claim 16, further comprising:

a seventh p-type transistor having a source terminal
coupled to the drain terminal of the sixth n-type tran-
sistor, a drain terminal coupled to the source terminal of
the sixth n-type transistor, and a gate terminal coupled
to a source terminal of the fourth n-type transistor; and

an ecighth p-type transistor having a source terminal

coupled to a drain terminal of the fourth n-type tran-
sistor, a drain terminal coupled to a source terminal of

the fourth n-type transistor, and a gate terminal coupled
to a source terminal of the sixth n-type transistor.

18. The IC of claim 17, further wherein the first mput to
the logic gate 1s coupled to the drain terminal of the fifth
p-type transistor or to the drain terminal of the sixth p-type
transistor.
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19. A safe state circuit coupled between a first logic
domain and a second logic domain of an Integrated Circuit
(IC), the safe state circuit comprising:

a front-end portion configured to monitor a supply voltage
of the first logic domain, the front-end portion com-
prising;:

a first n-type transistor having a source terminal
coupled to ground;

a first natural threshold transistor having a source
terminal coupled to a drain terminal of the first
n-type transistor, and a gate terminal coupled to a
gate terminal of the first n-type transistor;

a second natural threshold transistor having a gate
terminal coupled to the gate terminal of the first
n-type transistor, and a source terminal coupled to a
first supply voltage of the first logic circuit; and

a second n-type transistor having a source terminal
coupled to a drain terminal of the first natural thresh-
old transistor and a gate terminal coupled to the first
supply voltage; and

a voltage-level translation portion coupled to the front-
end portion via a reversible current mirror portion,
wherein the voltage-level translation portion 1s config-
ured to indicate validation of the supply voltage.

20. A method, comprising:
monitoring a supply voltage of a first logic circuit via
front-end portion of a safe state circuit, wherein the safe
state circuit 1s coupled to the first logic circuit and to a
first input of a logic gate, wherein a second input of the
logic gate 1s coupled to an output of the level shifter,
wherein an output of the logic gate i1s coupled to the
second logic circuit, and wherein the front-end portion
further comprises:
a first n-type transistor having a source terminal
coupled to ground; and
a natural threshold transistor having a source terminal
coupled to a first supply voltage of the first logic
circuit; and
indicating validation of the supply voltage using a volt-
age-level translation portion coupled to the front-end
portion via a reversible current mirror portion, wherein
the voltage-level translation portion i1s configured to
apply a logic value to the first input to the logic gate that
indicates validation of the supply voltage.

G o e = x



	Front Page
	Drawings
	Specification
	Claims

